The ring curvatures and relative N-and C-terminus orientations of the two CRM1 structures are different. Previous analysis of the EM map suggested that repeat H1 lies next to H18-H20 at the C terminus, thus occluding the RanGTP-binding site at H1-H3 (ref. 8). In contrast, the N-terminal third of SNUPN-bound CRM1 is rotated ~45° out of the plane of the ring, exposing the Ran-binding B helices of repeats H1-H3 ( Fig. 1 and Supplementary Fig. 1 ).
Structural basis for assembly and disassembly of the CRM1 nuclear export complex Xiuhua Dong, Anindita Biswas & Yuh Min Chook CRM1 (or exportin 1, Xpo1) transports proteins out of the cell nucleus through the nuclear pore complex. In the cytoplasm, GTP hydrolysis and consequent dissociation of Ran from CRM1 releases low-affinity substrates, while additional factors facilitate release of high-affinity substrates. Here we provide a model for human CRM1 export complex assembly and disassembly through structural and biochemical analyses of CRM1 bound to the substrate snurportin 1 (SNUPN, also called snuportin 1).
Like all members of the karyopherin-β (Kap-β; also known as importin and exportin) family of nuclear transport factors, the chromosome region maintenance 1 protein (CRM1) binds transport substrates and nucleoporins to target substrates to the nuclear pore complex. The Ran GTPase regulates CRM1-substrate interactions and transport directionality 1 . Ran exists mostly in the GTP state in the nucleus and mostly in the GDP state in the cytoplasm. CRM1 binds RanGTP and export substrate with positive cooperativity, enabling substrates to be loaded on CRM1 in the nucleus and released in the cytoplasm as GTP is hydrolyzed on Ran 2-5 .
We recently solved the 2.9-Å-resolution X-ray structure of the binary CRM1-SNUPN complex (PDB 3GB8) 6 , which is an intermediate in the assembly and disassembly steps of nuclear export 7 . SNUPN-bound CRM1 is a ring-shaped protein comprising 20 HEAT repeats, but the CRM1 ring is not planar, as HEAT repeats 2-7 (H2-H7; most of H1 is disordered) twist away from the plane of the ring with an ~45° rotation (Fig. 1a,b and Supplementary Fig. 1 online) 6 . The 27-residue C-terminal C-helix (residues 1,031-1,057) lies across the plane of the ring and connects helix H20B to the B helices of H8-H12 (Fig. 1a and Supplementary Fig. 2 online) . SNUPN binds the convex side of the CRM1 ring, with a leucine-rich nuclear export signal (LR-NES) in its Kap-β (importin-β)-binding domain (known as sIBB) interacting with H11A and H12A and its nucleotide-binding domain (NBD) contacting H12A, H13A and H14B 6 .
Binary interactions between CRM1 and LR-NES or RanGTP are weak (dissociation constant (K D ) > 8 µM in each case) [7] [8] [9] . However, the ligands bind CRM1 with positive cooperativity: each increases the other's affinity by ~500-fold [7] [8] [9] . To understand the structural basis of this cooperativity, we compared SNUPN-bound CRM1 with the 22-Å EM map of unliganded CRM1 ( Fig. 1 and Supplementary Methods online) 8 . b r i e f co m m u n i c at i o n s contact binding sites for LR-NES, the SNUPN NBD or Ran and did not participate in crystal contacts (Fig. 1a, Supplementary Fig. 2 and Supplementary Methods). CRM1∆C bound the LR-NES of HIV1-REV even in the absence of Ran (Fig. 2c) . Thus, the C-extension appears to be important in allosteric coupling of substrate and Ran, stabilizing unliganded CRM1 in an inactive conformation that is incompatible with substrate binding. It was unclear whether the extension directly contacts the Ran and/or substrate sites because it could not be located in the lowresolution EM map of unliganded CRM1. However, its importance in stabilizing the inactive state suggests that it may be oriented differently in unliganded as compared to substrate-bound CRM1, perhaps toward the unusually large lobe of density at the N terminus of the former (region 1 in Fig. 1c) . In summary, positive cooperativity in Ran and substrate binding appear to be achieved through global conformational changes in the CRM1 ring that may be aided by the large trans-ring C-extension. located next to a CRM1 acidic patch at H7B and H8B (Fig. 2b) . The disordered H9 acidic loop, which was previously suggested to bind Ran 8 , is also nearby (previous mutagenesis of repeat H9 (ref. 8 ) is discussed in the Supplementary Discussion). It appears that little conformational change is needed for SNUPN-bound CRM1 to bind RanGTP, explaining CRM1's high affinity for the GTPase (K D ~15 nM) 7, 8 . Complementary electrostatics at the modeled interface further support the idea that CRM1 conformation in the binary complex is poised for Ran binding and is likely to resemble the fully active CRM1 conformation of the ternary CRM1-substrate-Ran complex. Thus, we propose that cooperativity between Ran and substrate ultimately derives from equilibrium of CRM1 between the free structure observed in EM, in which the Ran and most probably the substrate sites are unavailable, and the structure observed in the SNUPN complex. Both ligands shift the equilibrium to the latter conformation, thus reciprocally enhancing each other's affinity.
Because the C-helix bisects the CRM1 ring, we speculated that it might have a role in governing the global rearrangement of the protein between the inactive and active states 6 . Therefore, we compared substrate binding of wild-type CRM1 and the C-terminally truncated CRM1∆C, from which residues 1,026-1,071 were removed. The deleted C-extension (which includes the C-helix and the extended portion that follows) did not b r i e f co m m u n i c at i o n s of SNUPN re-binding to CRM1 is low given the high affinity of the Kap-β1-sIBB interaction and the physical separation of the two NES epitopes of SNUPN by Kap-β1. Such a multifactor dissociation mechanism is likely to ensure greater precision of nuclear export and coordination with subsequent nuclear import. In conclusion, the dissociation of SNUPN is driven by a combination of Ran-mediated changes to the tertiary conformation of CRM1 with structural changes to SNUPN and steric clashes induced by cytoplasmic SNUPN ligands.
